Abstract: Silica glass is frequently used as a device material for micro/nano fluidic devices due to its excellent properties, such as transparency and chemical resistance. Wet etching by hydrofluoric acid and dry etching by neutral loop discharge (NLD) plasma etching are currently used to micromachine glass to form micro/nano fluidic channels. Electro-osmotic flow (EOF) is one of the most effective methods to drive liquids into the channels. EOF mobility is affected by a property of the micromachined glass surfaces, which includes surface roughness that is determined by the manufacturing processes. In this paper, we investigate the effect of micromaching processes on the glass surface topography and the EOF mobility. We prepared glass surfaces by either wet etching or by NLD plasma etching, investigated the surface topography using atomic force microscopy, and attempted to correlate it with EOF generated in the micro-channels of the machined glass. Experiments revealed that the EOF mobility strongly depends on the surface roughness, and therefore upon the fabrication process used. A particularly strong dependency was observed when the surface roughness was on the order of the electric double layer thickness or below. We believe that the correlation described in this paper can be of great help in the design of micro/nano fluidic devices.
Introduction
Because there are many beneficial size effects at the micro and nano scales, such as short mixing times, high efficiency in chemical reactions, and minute amounts of reagents and effluent liquids, micro/nano fluidic devices have been extensively studied for use in biomedical applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In particular, nano fluidic devices that contain nano channels can be used for separation and filtration [21] , single-molecule detection [22] [23] [24] [25] [26] , highly efficient PCR [27] , chemical analysis [28, 29] and nano-photonic sensors [30] , with great help of development of nanofabrication technologies [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . As the channels are reduced in size, the surface roughness and surface chemistry become dominant in determining the dynamics of flow. Electro-osmotic flow (EOF) is well-known to depend on the surface chemistry of the channel walls. An electric double-layer is formed near the channel wall, depending on the wall surface. When an external electric field is applied, the layer moves, generating EOF. Electroosmotic pumping is considered to be more efficient in driving liquids in micro/nano channels than applying differential pressure by an external pump, given the high viscous drag. The wall surface charge can be quantified by the zeta potential. Therefore, the EOF can be predicted by the given zeta potential and vice versa. The relationship between the zeta potential and EOF can be described by the Smoluchowski equation when the surface roughness is smaller than the electric double layer [44] [45] [46] .
The EOF can be measured by micro-particle image velocimetry (PIV) [47] [48] [49] [50] . Fluorescent nano/micro beads are typically used as tracers, and a confocal microscope can be used to deduce the velocity distribution in three dimensions [51] [52] [53] [54] [55] [56] [57] [58] [59] . Evanescent waves generated by total index reflection of a laser can be used to derive the velocity near the liquid/wall interface, within approximately 50 nm, when they are used as the excitation light for the fluorescent tracer particles [60] [61] [62] [63] [64] .
As we described above, the zeta potential can be calculated from a precisely measured EOF using the Smoluchowski equation, but this approach cannot be always applied to practical cases. The relation was modified for non-wetting charged surfaces by considering the fluid slip effect [65] , which was experimentally validated [66] . Surface roughness is another factor that needs to be taken into consideration. Since surface roughness does affect EOF, this leads to errors in the zeta potential. On the other hand, even though the zeta potential of the channel wall material was known, it cannot accurately predict the resulting EOF in manufactured nano channels due to the surface roughness.
The surface roughness depends on the manufacturing process [67] . For example, glass, one of the most commonly used materials due to its superior chemical resistivity and transparency, can be patterned by wet etching using hydrofluoric acid (HF), dry etching, or mechanical machining. Wet etching is an isotropic technique but can be conducted at low cost. Dry etching can create anisotropic profiles with a high accuracy and a high aspect ratio. Mechanical machining can be used to fabricate three-dimensional structures. Each etching process culminates in a different surface geometry, depending on the etching conditions.
In this work, we attempted to experimentally obtain the EOF mobility, which is affected by both surface roughness and surface chemistry. The surface roughness is strongly affected by the manufacturing method and etching conditions. We prepared glass channels by wet etching and dry etching using various recipes, and formed micro-channels by attaching micropatterned polydimethyl siloxane (PDMS). We measured the EOF near the glass surface using microPIV, and the glass surface geometry was investigated by atomic force microscopy (AFM). We attempted to correlate the surface topography, and thus, the micromaching processes, with the EOF mobility. Since the Smoluchowski equation can be used to deduce the zeta potential only when the roughness is smaller than the electric double layer thickness, the EOF mobility obtained in the experiments cannot provide the true zeta potential that represents the chemical properties of the surface. Instead, we discuss the potential usage of an effective zeta potential, which is obtained by substituting the EOF mobility into the Smoluchowski equation and depends on both the chemical and topographical properties of the surface. When the effective zeta potential of micromachined glass surfaces is known, the EOF can be deduced using the Smoluchowski equation. The obtained data will be of great help in precisely designing highperformance nano/micro fluidic devices.
Material and Method

Micromachining of Glass Substrates
In our experiments, we used borosilicate glass (C030401, Matsunami Glass Ind., Ltd., Osaka, Japan) as the wall material. Hydrofluoric acid (HF) was purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. Plasma etching of glass was conducted by NLD-570 (Ulvac, Inc., Kanagawa, Japan). The surface geometry after the machining process was investigated by atomic force microscopy (SPM-9700, Shimadzu, Kyoto, Japan).
The most frequently used glass manufacturing method is wet etching by HF. HF can pattern glass by the following reaction; SiO 2 + 6HF → H 2 SiF 6 + 2H 2 0
(1)
We conducted two experiments. First, we fixed the etching depth at 10 µm and used HF with concentrations of 1%, 3%, 5%, 7%, and 9%. The required etching periods were 5460, 1500, 580, 330, and 280 s, respectively. In the second experiment, glass substrates were immersed in 5% HF for 5, 10, 15, 20, or 25 min. The etching was conducted in a cleanroom environment at 25 °C and 40% Rh. We prepared five samples for each condition. Note that in these experiments, the whole surfaces were etched, i.e., no mask pattern was used.
While deep reactive ion etching of silicon has been extensively used in manufacturing MEMS for decades [68, 69] , the etching of glass using neutral loop discharge (NLD) is a promising technology for manufacturing glass micro/nano structures [70] [71] [72] [73] . NLD employs plasma generated along a closed magnetic neutral line by a radio frequency (RF) electric field. NLD plasma has a high plasma density at a relatively low gas pressure, and can be applicable to high-aspect-ratio anisotropic etching.
In our experiments, borosilicate glass plates were etched by NLD-570 while they were attached to a 6-inch silicon carbide wafer with a silicone oil compound to dissipate heat during the etching. We varied the antenna power to be 250, 500, 1200, or 1800 W. The etching periods were controlled to achieve 5-μm-deep patterns, which led to 5880, 3840, 1800, or 1560 s etch times, respectively. Other representative etching parameters are: APC pressure of 0.4 Pa, trigger pressure of 1 Pa, PFC pressure of 400 Pa, both gas flow rates of C 3 F 8 and CHF 3 of 10 sccm, bias RF power of 300 W, currents for magnet top, middle, and bottom of 12.2 A, 17 A, 12.2 A, respectively. We prepared five samples for each condition. Note that in these experiments, the whole surfaces were etched, i.e., no mask pattern was used.
The surface geometry was investigated by atomic force microscopy SPM-9700after the machining process. 10 measurement areas 10 µm by 10 µm in size were randomly selected from each sample.
Measurement of EOF
The EOF velocity was measured by micro PIV. When charged tracing particles are used for the measurement, the measured velocity is the summation of EOF and electrophoretic flow velocities [56] . The electrophoretic velocity under the identical measurement conditions was obtained in advance and then, subtracted from the measured velocity by micro PIV to deduce the EOF velocity.
First, as described above, glass plates were micromachined by either wet etching with HF or dry etching using NLD plasma. Note that these etching processes created no patterns on the glass surfaces. A polydimethyl siloxane (PDMS, Silpot 184, Toray, Tokyo, Japan) structure with a channel 1 mm in width, 30 mm in length, and 100 µm in height and inlet/outlet holes molded from photolithography patterned SU-8 (SU-8 3000, Nippon Kayaku, Tokyo, Japan) was bonded onto the glass plates after oxygen plasma treatment, as shown in Figure 1 . Fluorescent micro beads 0.2 µm in diameter (FluoSpheres carboxylate-modified microspheres 0.2 µm yellow-green fluorescent, Molecular Probes, Inc., Eugene, OR, USA) were used as the tracing particles. These beads were excited by a laser with a wavelength of 505 nm, and emitted fluorescence at 515 nm. 0.5 mL of carboxylate solution containing 2wt% of microbeads was mixed with 99.5 mL of deionized water. Then, this solution was mixed with a solution containing 1 Ml of 1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 1 mL of 0.1 M KCl, and 98 mL of deionized water. We introduced this 0.005% fluorescent micro-bead solution into the channel. An electric field of 13.3 V/mm was applied and an EOF was generated. The experiments were conducted at 25 °C and 40% Rh. pH of the fluorescent solution was 7.15 and the produced electric double layer thickness was calculated to be 30.2 nm under these conditions. The velocity at the center of the channel in the horizontal plane and 5 µm above the glass surface was measured by micro-PIV. Though three channel walls were made of PDMS, the EOF generated near the glass surface was determined by the characteristics of the glass surface [56] . In order to prevent electrolysis, the measurement started 2 s after the electric field was applied and the measurement time was limited to be 2 s. Note that we experimentally confirmed that the EOF became steady 1 s after the field was applied. The micro PIV measurement was conducted one time for a sample since it was difficult to wash out all the tracing particles from the channel after each measurement, i.e., 5 EOF velocity data were obtained for one machining condition. Figure 2 shows surface topography images of untreated glass, glass wet-etched by 5 µm, and glass dry-etched by 5 µm obtained by AFM. Dry etching using NLD plasma drastically increased the surface roughness, while wet etching did not. In wet etching using HF, the concentration of HF did not affect the surface roughness, as represented by the arithmetic mean value R a except the case of 1% concentration, as shown in Figure 3a . R a of the non-treated glass surface was 43 nm, while that of the glass treated by 1% HF was 61 nm. This was most likely caused by the long wet etching time required by 1% HF of 5460 s to achieve an etching depth of 10 µm. When 5% HF was used as the etchant, the surface roughness decreased in the first 15 min of etching, which was a nature of isotropic wet etching. The surface roughness increased slightly when the etching time was greater than 20 min as shown in Figure 3b .
Experiments
Surface Roughness after Glass Patterning
On the contrary, R a of the surface etched by NLD plasma strongly depended on the plasma power when we fixed the etching depth at 5 µm, as shown in Figure 4a . R a increased from approximately 160 nm to 280 nm when the plasma power was increased from 250 W to 1800 W. For a plasma power of 1200 W, R a increased from 40 nm to 210 nm as the etching progressed, as shown in Figure 4b. 
EOF Measurement
The EOF velocity generated in channels with glass surfaces treated by wet etching is summarized in Figure 3 . Figure 3a shows the surface roughness and EOF velocity for glass substrates etched by 10 µm using different concentrations of HF. The glass substrate treated by 1% HF generated an EOF velocity of 660 µm/s, while the non-treated glass substrate generated an EOF velocity of 870 µm/s. Figure 3b shows the relationship between the etching time by 5% HF and the EOF velocity. In both graphs, the EOF velocity decreased with increasing surface roughness, and there was a strong correlation between surface roughness and EOF velocity.
For dry-etched samples, as shown in Figure 4 , the EOF velocity decreased as the roughness increased, although the trend was not as strong as with the wet-etched samples. Figure 4a shows EOF velocities for glass substrates etched by 5 µm with various antenna RF power values in NLD etching. The etching time was controlled to achieve a depth of 5 µm. 0 W corresponds to a non-treated glass substrate. The EOF velocity slightly decreased with increasing power, and was 500 µm/s at 1800 W. The EOF velocity as a function of etching depth at 1200 W is shown in Figure 4b . The EOF velocity decreased with increasing time, and reached 510 µm/s at a depth of 5 µm. (a) (b) Figure 5 summarizes the relationship between the EOF velocity and the surface roughness R a of the samples used in the experiments. The white diamonds represent the wet-etched samples and the black diamonds represent the dry-etched samples. The graph indicates that the EOF velocity decreased drastically until the surface roughness reached 60 nm. When the surface roughness exceeded 100 nm, the EOF velocity decreased, but the trend was weak. The EOF strongly depends on the electric double layer, which is 30.2 nm at the ionic concentrations used in our experiments. Therefore, when the roughness is on the same order as the electric double layer, the EOF velocity is very sensitive to the roughness. When the roughness is several times greater than the electric double layer, the EOF is only slightly affected by the roughness. 
Effective Zeta Potential
The EOF velocity depends on the electric field, viscosity and permittivity of the liquid, and the surface properties of the channel. The surface properties include physical characteristics, surface roughness, and chemical properties. The zeta potential is used as a measure of the chemical properties, and can be deduced using the Smoluchowski equation if the roughness is smaller than the thickness of the electric double layer, (2) where is the average velocity in the channel, and are the viscosity and permittivity, respectively, is the zeta potential, and E is the applied electric field strength [46] . In our experiments, given the large surface roughness, Equation (2) cannot be used to deduce the true zeta potential that represents the chemical properties of the surface. However, Equation (2) will provide the effective zeta potential, which includes both the chemical properties and the topography of the surface. In designing nano/micro fluidic devices utilizing EOF, this effective zeta potential, which depends on the fabrication process and the surface roughness, should be used instead of the true zeta potential. Figure 6 shows the effective zeta potential from Equation (2), substituting by the experimentally deduced average velocity in the channel, and by 8.5 × 10 −4 Pa· s and 6.87 × 10 −10 F/m, respectively, and by 13.3 V/mm. The zeta potential ranged from −86 mV to −47 mV when R a varied from 43 nm to 290 nm. In particular, when the roughness was on the same order as the electric double layer, the zeta potential was found to be sensitive to the roughness.
Conclusions
The glass manufacturing processes determines the surface roughness. Wet etching by HF produces minimal surface roughness and therefore, the EOF velocities do not vary from the non-treated glass, but it is isotropic and may not to be suitable for precision nanoscale manufacturing. NLD plasma dry etching is a promising anisotropic manufacturing process for nano/micro glass channels, although it was found to increase the surface roughness, adversely affecting the EOF velocities.
The EOF velocity showed a strong correlation with the surface roughness, particularly when the arithmetic mean value of R a was on the same order as the thickness of the electric double layer. Therefore, we proposed the use of an effective zeta potential that takes both chemical and physical properties of the surfaces into consideration. The relationship between the surface roughness or manufacturing processes, and EOF velocities or the effective zeta potential, obtained in this work can be readily applied to the precise design of nano/micro fluidic devices.
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